Incipient microphase separation is observed by wide angle X-ray scattering (WAXS) in short chain multiblock copolymers consisting of perfluoropolyether (PFPE) and poly(ethylene oxide) (PEO) segments. Two PFPE-PEO block copolymers were studied; one with dihydroxyl end groups and one with dimethyl carbonate end groups. Despite having a low degree of polymerization (N B 10), these materials exhibited significant scattering intensity, due to disordered concentration fluctuations between their PFPE-rich and PEO-rich domains. The disordered scattering intensity was fit to a model based on a multicomponent random phase approximation to determine the value of the interaction parameter, w, and the radius of gyration, R g . Over the temperature range 30-90 1C, the values of w were determined to be very large (B2-2.5), indicating a high degree of immiscibility between the PFPE and PEO blocks. In PFPE-PEO, due to the large electron density contrast between the fluorinated and non-fluorinated block and the high value of w, disordered scattering was detected at intermediate scattering angles, (q B 2 nm À1 ) for relatively small polymer chains. Our ability to detect concentration fluctuations was enabled by both a relatively large value of w and significant scattering contrast.
Introduction
Perfluoropolyethers (PFPE) are a class of short chain polymers that are traditionally used as lubricants. [1] [2] [3] More recent applications of these materials include antifouling surface coatings, lithium battery electrolytes, and surfactants. [4] [5] [6] [7] [8] [9] [10] In this paper, we study the thermodynamic properties of the four PFPEs described in Table 1 . The two versions of diol-terminated PFPEs are commercially available: PFPE D10 -Diol and PFPE E10 -Diol (see Table 1 for structures). PFPE D10 -Diol is a random copolymer of CF 2 CF 2 O and CF 2 O groups with diol end groups. PFPE E10 -Diol is a short ABA triblock copolymer with two short poly(ethylene oxide) (PEO) chains attached to the ends of the fluorinated random copolymer. In a previous publication, we demonstrated that simple chemical reactions may be used to convert diol end groups into dimethyl carbonate (DMC) end groups to give PFPE D10 -DMC and PFPE E10 -DMC. 8 The purpose of this paper is to characterize the four PFPEs given in Table 1 . When viewed by the naked eye, all of these compounds appear to be simple homogeneous liquids. However, hydrocarbons such as PEO have very limited miscibility with fluorinated compounds. The formation of small PEO-rich microphases in PFPE E10 -Diol and PFPE E10 -DMC is therefore possible. Our objective is to examine this possibility in PFPE E10 -Diol and PFPE E10 -DMC; the PFPE D10 -Diol and PFPE D10 -DMC samples mainly provide the baseline for our analysis. Whether or not two-component block copolymers undergo microphase separation depends on the linear arrangements of the segments, the volume fraction of one of the components f, the average number of statistical segments per chain, N, and the Flory-Huggins interaction parameter w. [11] [12] [13] In disordered ABA triblock copolymers, concentration fluctuations between the A and B segments occur at a characteristic length scale, which can be detected by X-ray or neutron scattering experiments. 14, 15 These concentration fluctuations are described using the random phase approximation (RPA) theory developed by Leibler and later expanded on by Fredrickson and Helfand. 13, 16 Typically, the scattering that occurs due to concentration fluctuations is observed at small angles, where the scattering vector, q ¼ 4p sin y l , is below approximately 1 nm À1 (corresponding to fluctuation length scales above B5 nm). Here, y is the scattering angle, and l is the wavelength of the radiation. In contrast to previous studies of disordered concentration fluctuations that have used either SAXS or SANS, 14, 15, [17] [18] [19] we use wide angle X-ray scattering (WAXS) due to the short chain lengths of the materials studied. Given the relatively large scattering angles, angle-dependent scattering corrections are developed to reduce the scattering data. In the traditional RPA model, the polymers are assumed to be monodisperse. 13 PFPE E10 -Diol is a commercial sample that is known to contain the products of chain coupling reactions. The volume fractions of the uncoupled ABA triblock copolymer, the dimerized ABABA pentablock copolymer, the trimerized ABABABA heptablock copolymer, and the tetramerized ABABABABA nonablock copolymer are given by j 1 -j 4 , respectively. The reaction to produce the PFPE E10 -DMC polymer from the PFPE E10 -Diol precursor has been shown to increase chain coupling. 20 PFPE E10 -Diol comprises 12% of coupled products, while PFPE E10 -DMC comprises 57% of coupled products, as shown in Table 2 . Our RPA analysis accounts for the presence of coupled products.
In Table 2 , the data from ref. 20 are reported: the numberaveraged molecular weight of the mixture, M n,Ave , the dispersity of the mixture, Ð Ave , the number-averaged molecular weight of the uncoupled component, M n,1 , and the dispersity of the uncoupled component, Ð 1 . 20 In this study, using WAXS measurements and a modified multiblock RPA model, we report on the structure and interaction strength in short chain PFPE-PEO block copolymers.
Experimental section

Materials
The polymer PFPE D10 -Diol was purchased from Santa Cruz Biotechnology and PFPE E10 -Diol was purchased from Solvay-Solexis. The polymers PFPE D10 -DMC and PFPE E10 -DMC were synthesized from the respective diols. The synthesis and characterization of the dimethyl carbonate polymers were reported previously. 8, 20 As a reference, a low molecular weight liquid PEO was also studied. PEO was purchased from Polymer Source and the numberaveraged molecular weight, M n , of the PEO was 400 g mol À1 .
All materials were dried prior to use at room temperature for 72 h under vacuum in a glovebox antechamber. Subsequently, the materials were handled in an Ar glovebox with a water level below 1 ppm and an O 2 level below 5 ppm, or they were sealed in air-tight sample holders. The structures of the polymers used in this study, PFPE D10 -Diol, PFPE D10 -DMC, PFPE E10 -Diol, and PFPE E10 -DMC are shown in Table 1 . The PFPE chains are random copolymers of CF 2 CF 2 O, tetrafluoroethylene oxide (TFEO), and CF 2 O, difluoromethylene oxide (DFMO), and the average ratios of these components, m and n, taken from ref. 20 , are given in Table 1 . 20 In the PFPE E10 polymers, the average number of EO units per chain is given by 2q. In ref. 20 , a combination of mass spectrometry, nuclear magnetic spectroscopy, and gel permeation chromatography was used to elucidate the structures of the PFPE polymers. The PFPE D10 materials were reported to have unimodal molecular weight distributions, while both the as-received and DMC-modified PFPE E10 materials exhibited chain coupling. The characteristics of the molecular weight distributions are reported in Table 2 .
Wide angle X-ray scattering
Samples for the WAXS experiments were prepared in a glovebox and sealed in airtight aluminum cells. To mount the liquid samples, a 0.794 mm thick, chemically-resistant, fluoro-elastomer (tradename Aflas) spacer with a 3.175 mm diameter hole was placed on a 25 mm X-ray transmissive polyimide window. The polymer sample (6 mL) was dispensed into the hole, and a Table 1 Structure of polymers used in this study. The average numbers of the tetrafluoroethylene oxide groups, m, the difluoromethylene oxide groups, n, and the ethylene oxide groups, q are given. The number of ethylene oxide groups per chain is 2q 21 The X-ray energy was 10 keV, and the detector was a Pilatus 2 M camera from Dectris, with a pixel size of 0.172 Â 0.172 mm. The incident beam intensity was measured using an ion gauge, and the transmitted intensity was measured using a photodiode on the beamstop. The scattering vector and the sample-detector distance were calibrated with a silver behenate standard using the first five Bragg diffraction peaks, and the sample-detector distance was determined to be 283 mm. An exposure time of 60 s was used for the polymer samples. Two-dimensional scattering patterns were azimuthally averaged and reduced to one-dimensional scattering profiles using the Nika package for IgorPro. 22 Wide angle scattering profiles were corrected for scattering due to the polyimide windows and due to beam divergence, and the scattering intensity was calibrated as described in ref. 23 . In the wide angle regime, the angle-dependent transmission of X-rays through the sample must be taken into account in background subtraction because X-rays scattered at wide angles travel a longer distance through the scattering object than X-rays scattered at smaller angles. In small angle scattering, this effect can be neglected. In addition, intensity due to beam spreading may contribute to the measured signal. To aid in the intensity calibration and background subtraction, WAXS profiles were obtained for air (1 s and 60 s exposures), a blank cell containing polyimide windows but no polymer sample (60 s exposure), and a 1 mm thick glassy carbon standard for intensity calibration (sample M13, Jan Ilavsky, 1 s exposure). Eqn (1), derived in ref. 23 , gives the expression used for the background subtraction and beam spreading corrections.
Here, I corr (q) is the corrected, measured scattering intensity due to the sample, T is the total transmission, T(y) is the angledependent X-ray transmission for a moderately absorptive object (assuming no multiple-scattering events), T y is the path-lengthcorrected X-ray transmission, I sam (q) is the uncorrected, measured sample intensity, DC is the dark current signal, I ec (q) is the measured empty cell or polyimide blank cell intensity, and I b (q) is the measured background or air intensity (60 s exposure). The subscript w represents one window, s represents the freestanding sample, and fp represents the post-sample flight path. The total transmission T is given by eqn (2), where m is the linear absorption coefficient and z is the thickness of the scattering object.
The angle-dependent transmission, T (y) for a moderately absorbing, thick object (assuming no multiple scattering events) is defined by eqn (3).
TðyÞ T T aðyÞ À 1 aðyÞ lnðTÞ
Path-length-dependent transmission is defined by eqn (4).
In our experiments, since detectors with different mechanisms and gains are used to measure the beam intensity before and after the sample (ion chamber and photodiode), we do not directly measure the absolute transmission given by eqn (2). Instead we measure an apparent transmission
, where I PD is the measured response from the post-sample photodiode and I IC is the measured response from the pre-sample ion chamber. The absolute transmissions can be estimated from these quantities by the following relationships (eqn (5)- (7)):
T fp ðTÞ % e ), and z b is the sample-detector distance, 283 mm. 24 In eqn (6), the ratio of apparent transmissions is raised to the 1 2 power to account for the presence of two polyimide films in the blank cell. In eqn (7), the transmission of the flight path is estimated as a function of temperature, T, since the density of the air around the heating stage varies with temperature. The apparent transmission at a given temperature is scaled by the quotient of the theoretical transmission at 25 1C (from the literature) and the apparent transmission at 25 1C.
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A constant intensity calibration factor was determined using a glassy carbon standard. 25 The measured intensity was corrected for beam spreading by subtracting the scattering from air according to eqn (8) .
In this case, the sample is glassy carbon without polyimide windows, and the scattering from the sample, I sam (q), and air, I b (q), were measured using a 1 s exposure. A constant calibration factor was determined by scaling the measured, corrected scattering profile from glassy carbon to match the known absolute scattering profile from the M13 glassy carbon sample.
Results
In Fig. 1a , scattering profiles are shown for the PFPE and PEO polymers at 30 1C. The block copolymers PFPE E10 -Diol and PFPE E10 -DMC have a peak in the vicinity of q 1 E 2 nm À1 , which is not present in the profiles of the pure PFPE or PEO polymers. Because the q 1 peak is present only in the block copolymers, we attribute it to fluctuations between the PEO-rich and PFPE-rich phases. The peak is broad and similar to that observed in the disordered block copolymers. Fig. 1b shows the temperature dependence of the scattering profiles for PFPE E10 -Diol. The temperature-dependent scattering of the other polymers is included in the ESI. † Fig. 1c shows the temperature-dependence of the q 1 peak in the PFPE E10 -Diol polymer in more detail. The intensity of the q 1 peak decreases with temperature, and the peak shifts to higher values of q.
In Fig. 1a , all polymers, both PFPE E10 block copolymers and PFPE D10 and PEO single-phase polymers, show two similar peaks, one in the vicinity of q 2 E 12-15 nm À1 , and one in the vicinity of q 3 E 30 nm À1 . These correspond to characteristic spacings, d = 2p/q, of d 2 E 0.4-0.5 nm and d 3 E 0.2 nm. Peaks such as q 2 and q 3 are sometimes called amorphous halos.
The q 2 peak is at significantly different positions between the PFPE-containing polymers and pure PEO, while the q 3 peak is at similar positions for all of the polymers. The position of the maximum of the q 2 peak, q 2,max , is reported for the PFPE polymers as a function of temperature in Fig. 2 . The effect of temperature on the q 2 and q 3 peaks in PFPE E10 -Diol is qualitatively similar to that in the other polymers (Fig. 1b, 2 and Fig. S1 in the ESI †). The intensities of the q 2 and q 3 peaks remain relatively constant with temperature. With increasing temperature, the q 2 peak shifts to lower q, and the q 3 peak remains nearly constant. The small feature at q E 4 nm À1 , which is apparent in all the scattering profiles in Fig. 1 , is an artifact from the subtraction of scattering from polyimide windows. The value of d 2 and the fact that q 2,max is temperaturedependent suggest that it reflects the average distance between adjacent chains. The value of d 3 and the fact that peak q 3 is temperature independent suggests that it reflects bond distances along the polymer chains. In Fig. 2 , the value of q 2,max is slightly higher for the DMC-terminated polymers than the diolterminated ones, suggesting that for the DMC-terminated polymers, the chain packing is slightly denser. We attribute this to hydrogen bonding in the diol-terminated polymers. For PEO, the value of q 2,max ranges from 14.8-15.2 nm À1 . These values are considerably higher than the values for the PFPE polymers presented in Fig. 2 , indicating that the average distance between adjacent PFPE chains is larger than that of PEO chains. We attribute this to the fact that the Van der Waals cross-section of fluorinated chains is larger than that of their hydrogenated counterparts. The q 1 peak in the block copolymer scattering profiles can be used to determine the interaction parameter between the PFPE and PEO blocks, as well as the radius of gyration, R g , of the chain. Given the multimodal molecular weight distributions of the PFPE E10 materials (see Table 2 ), a multiblock RPA model is used. Based on the RPA theory of Leibler, the scattering due to a monodisperse disordered block copolymer is given by eqn (9).
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Here, I dis (q) is the disordered scattering intensity, v ref is a reference volume taken to be 0.1 nm 3 in this study, b i is the scattering length of block i, v i is the monomer volume for block i, and S(q) and W (q) are the sum and determinant of the structure factor matrix, [S ij ]. The scattering length, b PFPE , of the PFPE block was calculated by taking the average of the scattering lengths of the TFEO and DFMO monomers, weighted by the coefficients m and n, given in Table 1 . We neglect any scattering contribution from the diol or DMC end groups. The monomer volumes were calculated by eqn (10),
where M i is the molar mass of the monomer, r i is the bulk density of the pure PEO or PFPE phase, and N Av is Avagadro's number. 28 The scattering contrast, c, is defined by the prefactor in eqn (9) (eqn (11)). For the PFPE E10 polymers, the theoretical value is c th = 0.17 cm
To account for the polydispersity of our samples, we regard the samples as mixtures of monodisperse, coupled components. The scattering of the mixture, I dis,mix (q), is taken to be the sum of scattering from each coupled component, I dis,k (q), weighted by the volume fraction of the component, j k (eqn (12)). Here, component k consists of k chains, with k = 1 being the uncoupled chain.
The scattering of each component, I dis,k (q) is calculated according to eqn (9) , where RPA is used to calculate [S ij ] k , S k (q) and W k (q) for each component by treating component 1 as an ABA triblock, component 2 as an ABABA pentablock, component 3 as an ABABABA heptablock, and component 4 as an ABABABABA nonablock. 29 The expressions for S k (q) and W k (q) are given in eqn (13)- (16).
Here, g AB,k (x), g AA,k (x), and g BB,k (x) represent the elements of the structure factor matrix [S ij ] k . Expressions for these terms depend on the block architecture, and are given in the supporting information for both uncoupled and coupled polymers, k = 1-4. The expressions for S k (q), W k (q), and hence I dis,k (q), depend on the radius of gyration and degree of polymerization of each component, R g,k and N k , and the volume fraction of the PFPE block, f PFPE , which is the same for every component. The values R g,k and N k can be expressed in terms of R g,1 and N 1 , the values for the uncoupled component (eqn (17) and (18)), by assuming a Gaussian chain. The radius of gyration can also be expressed in terms of the statistical segment length, l.
The degree of polymerization, N 1 , calculated from eqn (19) and (20), is 10.5. (20) Here, N i is the number of monomers in an uncoupled chain, 2q for EO and m + n for PFE ( Table 1 ). The volume fraction of PFPE, f PFPE , given by eqn (21), is 0.75.
From Fig. 1b and c, it is apparent that the q 2 peak and a temperature-dependent background contribute to the disordered scattering intensity at the q 1 peak. There are several phenomena that contribute to background scattering in the WAXS regime, including thermal density fluctuations, incoherent scattering, and Compton scattering. 31, 32 These contributions are not removed by the empty cell background subtraction, and it is difficult to account for all of them using fundamental models. Motivated by the work of Vonk et al., we fit the background, I bg (q), with a constant, a 0 , and a Lorentzian due to the contribution of q 2 (eqn (22)).
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Here, a 0 , a 1 , and a 2 are adjustable parameters, and q 2,max is the scattering vector at the maximum of the q 2 peak, given in Fig. 2 . The values of R g,1 and w are determined by fitting the model for the total scattering intensity, I tot (q), (eqn (23)) to the scattering profiles for PFPE E10 -Diol and PFPE E10 -DMC.
The term I dis,mix (q) can be fit by as few as two adjustable parameters, R g,1 and w. Due to our lack of knowledge of the density of the PFPE block as a function of temperature, in some fits, the contrast c is used as an additional fit parameter. For the values of R g,1 and w reported herein, I tot (q) is fit using six parameters, R g,1 , w, c, a 0 , a 1 , and a 2 , in the q range of 1-10 nm À1 .
The values of R g,1 and w, determined using the fixed value of c = 0.17 cm
À1
, are reported in the ESI. † The values of R g,1 and w are similar between fits with c as an adjustable or fixed parameter. The other fixed parameters used in the model (eqn (22) ) are summarized in Table 3 .
An example of the fitting procedure is shown in Fig. 3a , where data from PFPE E10 -Diol at 30 1C are analyzed. It is evident that I tot (q) is in quantitative agreement with the experimental data. The two contributions to I tot (q), I dis,mix (q), and I bg (q), are also shown in Fig. 3a . The scattering intensity due to disordered fluctuations I d (q) is defined in eqn (24) .
In Fig. 3b , we show the q-dependence of the scattering data, I d , and that of the multicomponent RPA, I dis,mix (q), as a function of temperature for PFPE E10 -Diol. It is interesting to note that the I d (q) data in Fig. 3 are qualitatively similar to the data obtained from typical disordered block copolymers, in spite of the qualitative differences in the data reduction procedures. 14, 15, [17] [18] [19] The values of R g,1 and w, determined by fitting eqn (23) to the scattering data, are shown in Fig. 4 . The values of the fit parameters a 0 , a 1 , and a 2 are given in the ESI. † For both PFPE E10 -Diol and PFPE E10 -DMC, R g,1 B 1 nm and decreases with temperature, as for most block copolymers. The corresponding values of l (eqn (12) ) are in the vicinity of 0.8-0.9 nm, close to the values published by Cotts for various copolymers consisting of EO, TFEO and DFMO segments. 34 In the work of Cotts, values of l of 0.8 to 1.0 nm were obtained by intrinsic viscosity measurements in conjunction Table 3 Fixed parameters used in the random phase approximation model. The parameters given below are the scattering lengths, b i , monomer molar masses, M i , densities, r i , monomer volumes, v i , reference volume, v ref , theoretical contrast, c th , degree of polymerization, N 1 , and volume fraction of PFPE, with a worm-like chain model. 34, 35 The value of R g,1 is slightly larger for PFPE E10 -DMC than for PFPE E10 -Diol. Fig. 4b shows the temperature dependence of w. The solid lines are fits based on eqn (25) . In Table 4 , the values of A and B are reported for both RPA models, the model with c as a variable parameter corresponding to the data reported in Fig. 4 , and the model with fixed c = c th = 0.17 cm À1 , corresponding to the data reported in the ESI † (Fig. S2) .
From Table 4 , it is evident that the magnitude of w determined using the variable c model is comparable to the magnitude of w determined using the fixed c model, over the temperature range studied. In the fixed c model, w is a stronger function of temperature because all of the temperature dependence is accounted for by the w parameter. In the variable c model, w is a slightly weaker function of temperature because c and w are both allowed to vary with temperature. In both models, the values of w are lower for PFPE E10 -DMC than for PFPE E10 -Diol, suggesting that end groups may play a role in miscibility; however, we have not directly considered the effects of the end groups on w in this study. 36, 37 The high values of w in the PFPE E10 polymers indicate low miscibility between the PEO and PFPE blocks (see Fig. 4b ). The values of w for the PFPE-PEO block copolymers are much higher compared to those for hydrogenated PEO-containing block copolymers, for example polystyrene-block-poly(ethylene oxide) (SEO). have also been reported in other block copolymers with fluorinated and non-fluorinated segments. [40] [41] [42] In ref. 43 , the miscibility between PFPE D10 -Diol and PEO with similar degrees of polymerization (N PFPE = 9.5 and N PEO = 5.9, based on eqn (20) ) was studied at room temperature. 43 Blends with a PEO volume fraction of less than 40 wt% were miscible while blends with a PEO volume fraction greater than 40 wt% were immiscible. This kind of asymmetric behavior is inconsistent with the Flory-Huggins theory. Based on the w parameter that we obtained for PFPE E10 -Diol at 30 1C, these homopolymer blends would be predicted to be immiscible over a wide range of PEO volume fractions; wN Ave is 19.0 where N Ave is defined in eqn (26) .
For miscible blends, wN Ave must be less than 2. Further work is needed to reconcile the differences between the block copolymer and blend thermodynamics in PFPE-PEO systems. Such discrepancies between the block copolymer and homopolymer blends have been noted in the literature. 44, 45 The extent to which the RPA analysis applies to chains as short as those used in this study remains unknown. We use this framework mainly due to the lack of better alternatives for disordered systems. A previous study that examined short diblock copolymers used the same framework to determine w. Fig. 4 Random phase approximation parameters. In (a), the radius of gyration and statistical segment length, R g,1 and l, are given for PFPE E10 -Diol and PFPE E10 -DMC as a function of temperature. In (b), the interaction parameter, w, is shown. The lines through the data in (b) represent fits to eqn (25) . The quantity wN 1 is also given for reference. The error bars give the uncertainty in R g,1 and w from the RPA fit to the scattering data. Fig. 4b ). The estimate of the transition temperature may be improved by using a fluctuation-corrected theory such as that by Fredrickson and Helfand. 16 Experimental and theoretical work has shown that w generally decreases as the chain length increases. 18, 27, 51 The values of w obtained herein are likely higher than those that would be obtained for long chain PFPE-PEO block copolymers. Fig. 5 shows the temperature dependence of the fit contrast term, c. Also shown in Fig. 5 is the calculated value of c, c th (dashed line). The contrast in our experiments is due to the electron density difference between the A and B segments, as indicated by eqn (11) . The values of c determined by fitting are similar to the theoretical value c th = 0.17 (dashed line in Fig. 5 ). For both polymers, c decreases with temperature, indicating that the temperature-dependence of the density of PFPE is stronger than that of PEO. The fitted value of c is higher for PFPE E10 -Diol than for PFPE E10 -DMC, consistent with the fact that the electron-rich DMC end group reduces the electron density difference between the PEO and PFPE blocks.
Conclusion
We have studied the thermodynamic interactions in short chain, commercial PFPE-PEO block copolymers. Because of the short chain lengths, WAXS was used to probe disordered concentration fluctuations. New data reduction procedures that enable the determination of absolute WAXS intensity are presented. The presence of coupled products in the commercial samples was accounted for by the use of the multicomponent RPA. Theoretical RPA fits through the experimental data were used to determine the Flory-Huggins interaction parameter and the radius of gyration of the polymers w and R g,1 . Our ability to detect concentration fluctuations was enabled by both a relatively large value of w and significant scattering contrast. The presence of heterogeneity on the nanometer length scale detected in this work cannot be inferred from previous studies of these commercially-important materials. Our work thus far is limited to the disordered state. The ordered state may be accessed by either decreasing the temperature or increasing the chain length. We hope to expand the experimental window in future studies to access ordered morphologies in these systems. . The error bars give the uncertainty in c from the RPA fit to the scattering data.
